Purpose: To investigate the central and paracentral astigmatism and the significance of centration and measurement zone diameter compared to a 3-mm pupil-centred measurement zone in keratoconus and in healthy eyes. Methods: Twenty-eight right eyes from 28 KC patients with an inferotemporal cone were selected according to specified criteria based on Oculus Pentacam HR â measurements and were matched with healthy control eyes. The flat (K1) and steep (K2) keratometry readings were registered from the 'Total Corneal Refractive Power' (TCRP) display as well as the anterior and posterior corneal astigmatism displays (ACA and PCA, respectively). Astigmatic power vectors KP0 and KP45 were calculated and analysed for a 6-mm and two 3-mm zones centred on the corneal apex and the pupil, and for 8 paracentral 3-mm zones. Results: The astigmatism was generally higher in KC. Many astigmatic values in KC differed between the 3-mm pupil-centred and the 3-and 6-mm apexcentred zones in KC. In the controls, no corresponding differences between measurement zones were seen, apart from PCA, which differed. The magnitude and direction of KP0 and KP45 varied greatly between the paracentral measurements in KC. Conclusion: Centration and measurement zone diameter have great impacts on the astigmatic values in KC. A small pupil-centred measurement zone should be considered when evaluating the astigmatism in KC.
Introduction
In keratoconus, the progressive corneal thinning and cone formation result not only in myopia but also in asymmetrical irregular astigmatism, which is a major cause of the impaired visual acuity (VA) (Kaufman 1988) . Early signs of KC can occur on the posterior corneal surface (Ruiseñor V azquez et al. 2014; Piñero et al. 2015; Freitas et al. 2016) . The magnitudes of both the anterior and posterior astigmatisms have been shown to be higher in KC compared to in healthy eyes (Kamiya et al. 2015; Naderan et al. 2016) , and as the disease progresses, an increase in the astigmatic magnitude is seen (Piñero et al. 2011) . Accordingly, patients with stable KC may benefit from a toric intraocular lens (IOL) when undergoing cataract surgery or refractive lens exchange (Navas & Su arez 2009; Jaimes et al. 2011; Visser et al. 2011; Nanavaty et al. 2012; Ali o et al. 2014; Hashemi et al. 2015; Kamiya et al. 2016) . Such a regimen, however, demands very accurate keratometric measurements and astigmatism assessment to determine the correct IOL power. With the increasing use of corneal cross-linking (Godefrooij et al. 2016), we should expect to see an increasing number of stable KC cases requiring cataract surgery in the future. Exact IOL power determination in KC is therefore likely to become an increasing clinical challenge analogous to what we see today in post-LASIK eyes.
As of today, there are no recommendations of which zone diameter and centration should preferably be used when evaluating the total corneal astigmatism (TCA) in planning for cataract surgery with a toric IOL in KC, but pupil centration is likely to be more relevant to the optical axis, and a smaller measurement zone more relevant to photopic everyday conditions, when the pupil is smaller.
Formulas for IOL calculations are generally based on keratometric values, axial length and a number of assumptions, of which several have shown to be imprecise in KC (Bozorg & Pineda 2014) . One common assumption is that the posterior keratometry can be calculated from the anterior surface measurements. However, the influence of the PCA on the TCA cannot be neglected when planning for a toric IOL implantation. Hence, measurement of the central TCA has been advocated in KC (Savini et al. 2016) . Indeed, an overestimation of the corneal power resulting in an underestimation of the IOL power, which renders a hyperopic biometry prediction error (BPE), of sometimes considerable magnitude, has been demonstrated in KC (Watson et al. 2014 ). Furthermore, due to the cone formation there is an apex displacement in KC (Mih altz et al. 2010) , which causes a discrepancy between apex-centred keratometry readings and those centred on the pupil (Tan et al. 2008; Bozorg & Pineda 2014) . Also, the skewed hemi-meridians (Kamiya et al. 2015) and great variations of refractive parameters in eccentric parts of the cornea (Fredriksson & Behndig 2016 ) can make it difficult to accurately determine the axis orientation and magnitude of the astigmatism in KC.
A rotating Scheimpflug camera enables measurements of both the anterior and posterior corneal surfaces (Cavas-Mart ınez et al. 2016) . Such Scheimpflug measurements can be centred either on the corneal apex or on the pupil centre, and different measurement diameters can be chosen. A larger measurement zone diameter has been shown to render higher corneal irregularity in normal corneas (KhabazKhoob et al. 2010 ) and a more negative spherical equivalent in KC (Fredriksson & Behndig 2016) .
It should be remembered the astigmatism is an entity with both magnitude and direction. Therefore, the correct way to study corneal astigmatism is using power vectors. The amount of previous studies using power vectors is, however, limited in KC, and measurements usually employ data centred on the corneal apex, rather than on the pupil (Kamiya et al. 2015; Naderan et al. 2016; Savini et al. 2016) .
The aim of this study was to compare ACA, PCA and TCA with the use of corneal power vectors in a 3-mm pupil-centred measurement zone to apex-centred and paracentral measurement zones with different diameters in KC and healthy eyes. Patients diagnosed with KC were consecutively enrolled. The right eye was used in all analyses, and the eyes included were age-and gender-matched with corresponding right eyes of healthy controls in a 1:1 ratio. The diagnosis of KC was based on the Amsler-Krumeich grading (Choi & Kim 2012 ) and the total deviation value from the 'Belin/Ambr osio Enhanced Ectasia' assessment, both obtained from Pentacam HR Ò measurements. In addition, an altered red reflex and/or an irregular cornea seen as distortion of the keratometric mires and/or biomicroscopic signs were required for diagnosis (Kaufman 1988) . All KC patients were diagnosed by the same physician (A.B.). Only KC patients with no history of corneal cross-linking or any other treatment or ocular surgery at the time of measurement were included. The exclusion criteria for all participants were any ocular disease in the eye examined (apart from KC), previous eye surgery or trauma and the use of medication with ocular effects and a poor quality result on Pentacam HR Ò scans according to the machine software. To ensure a paracentral inferotemporal cone location, a distance of 0.5-2.5 mm from the corneal apex to the maximum keratometry reading (K max ) was required. To reduce the effects of outliers, measurements outside the 10th to 90th percentiles in either mean keratometry reading (K-reading), K max , or mean keratometric astigmatism were excluded. All participants were instructed not to use hard contact lenses for 2 weeks and soft contact lenses for 1 week before the examination.
Materials and Methods
The rotating Pentacam HR Ò Scheimpflug camera was used for assessment of anterior segment parameters. Each eye was examined with the '25 slit images' program under standardized mesopic light conditions. Only scans with a quality result 'OK' were included in the dataset for further statistical analyses. From the axial/ sagittal front and back displays, as well as TCRP-the latter generated by ray tracing of the anterior and posterior corneal surfaces utilizing a thick lens formula-the flat (K1) and steep (K2) keratometry readings were noted. Data were analysed for a 6-mm zone centred on the corneal apex and two 3-mm zones centred on the apex and pupil, respectively. In addition 8 paracentral 3-mm zones were analysed; in the superior, inferior, nasal and temporal fields, as well as in the inferotemporal, superotemporal, inferonasal and superonasal fields (Fig. 1) . Using the equations from Naeser (2008), K1 and K2 and axis of the steepest meridian (a) were converted to astigmatic magnitude (M) and two astigmatic power vectors, where the meridional power (KP0) is the polar value in 0 degrees, and the torsional power (KP45) is the polar value in 45 degrees.
The reconversion of the polar values to net cylinder magnitude (M) and axis (a) was performed using the following formulas:
Data analysis was performed using IBM SPSS statistics (version 23; IBM Inc., New York, NY, USA) and MI-CROSOFT EXCEL Worksheet (version 14.6.4; Microsoft Corp., Redmond, WA, USA). As the Shapiro-Wilk test and normal distribution curves showed that many parameters did not show a normal distribution in neither of the groups, a non-parametric MannWhitney U-test for independent variables was used for between-group comparisons. A non-parametric repeatedmeasures Friedman test of dependent variables was used for analysing the variance of KP0 and KP45 between the paracentral TCA measurements in the KC and control group, respectively. For within-group comparisons, a nonparametric Wilcoxon signed-rank test was used. p-Values <0.05 were considered statistically significant.
Results
Sixty-eight right eyes of 68 KC patients were initially enrolled. In the KC group, the 10th and 90th percentiles of the Pentacam HR Ò parameters were mean K-reading 42.4-51.1 D, K max 48.6-63.0 D and mean keratometric astigmatism of 1.2-6.1 D. Twelve eyes of 12 KC patients did not meet the cone location criteria, and 27 eyes of 27 KC patients were outside the 10th to 90th percentile range in one or more of mean K-reading, K max and keratometric astigmatism. Finally, one examination of one KC patient did not meet the examination quality criteria, leaving 28 right eyes of 28 KC patients for analysis. The age of the KC patients was 23.14 AE 3.98 years (mean AE SD) and that of the control group 23.07 AE 4.18 years (p = 0.33; Mann-Whitney U-test). Each group consisted of 25 males and three females. Table 1 presents a between-group comparison of KP0 and KP45 for ACA, PCA and TCA, with calculations of the central net astigmatisms. The KC group displayed higher magnitudes of both meridional and torsional power vectors in most measurements. Figure 2A and B displays the difference in KP0 and K45 between a pupil-centred 3-mm zone and a corresponding apex-centred zone. In KC, these differences were all significant with the exception of KP0 in ACA, showing that the choice of measurement zone centration is of importance in KC. In the control group, the corresponding differences were generally much smaller and were only significant for PCA (Fig. 2B) . The mean differences in net astigmatism are shown in Table 2 .
The difference in KP0 and KP45 between a pupil-centred 3-mm zone and an apex-centred 6-mm zone is shown in Fig. 3A and B, and the corresponding net astigmatism differences are given in Table 2 . In KC, the KP45 differed between all measurements, showing that the choice of measurement zone diameter is also of importance in KC. In the controls, the values did not differ between the measurement zones. Table 1 and Fig. 4A and B show the medians of KP0 and KP45 for the eight paracentral measurements in the KC Fig. 4A and B) .
Discussion
In the present study, we aimed to demonstrate the importance of centration and measurement zone diameter of keratometry readings in KC. To our knowledge, this is the first study to investigate the difference in astigmatic vectors between pupil and apex-centred measurements in KC. The magnitude of PCA of 0.90 D in KC is in alignment with previously reported 0.77 D (Savini et al. 2016) , 0.90 D (Naderan et al. 2016 ) and 0.93 D (Kamiya et al. 2015) . However, the magnitude of ACA of 2.73 D in the present KC material was lower compared to that of other studies; 4.03 D (Savini et al. 2016) , 4.49 D (Naderan et al. 2016 ) and 3.93 D (Kamiya et al. 2015) , which is likely explained by our strict inclusion criteria of KC with inferotemporally located cones. In Fig. 2 . Vectorial difference (median and IQR) in KP0 (x-axis) and KP45 (y-axis) between apex and pupil-centered 3 mm measurements in the KC (A) and control (B) groups, respectively. KP0 = meridional power vector; KP45 = torsional power vector; TCA = total corneal astigmatism; ACA = anterior corneal astigmatism; PCA = posterior corneal astigmatism; circle = median difference in TCA; triangle = median difference in ACA; cross = median difference in PCA; IQR displayed by error bars. *Significant differences in KP0 in TCA (p = 0.037) and PCA (p = 0.001) in KC and PCA (p < 0.001) in the control group. .02 @ 99.4°T CA = total corneal astigmatism; ACA = anterior corneal astigmatism; PCA = posterior corneal astigmatism; Net ast = Net astigmatism includes magnitude and axis; D = dioptre.
addition, the pupil-centred measurement in our study likely contributed to lower astigmatic values, as the astigmatism and keratometry readings are influenced by the shape, size and location of the cone (Tan et al. 2008) . A centrally located cone located on the visual axis renders higher keratometry readings (Prakash et al. 2016) , with the shape of the cone being the determining factor for the astigmatism (Tan et al. 2008) . In the present study, only corneas with the most common cone locationparacentral inferotemporal (Kaufman 1988 )-were included. In such cases, the cylindrical power is more influenced by the location rather than the shape of the cone (Tan et al. 2008) .
Preoperative IOL calculations in cataract surgery of keratoconus patients offer some challenges. Using actual Kreadings in moderate to severe KC cases may result in large BPE (Watson et al. 2014) . The results of toric IOL implantation in stable KC have been promising (Navas & Su arez 2009; Jaimes et al. 2011; Visser et al. 2011; Nanavaty et al. 2012; Ali o et al. 2014; Hashemi et al. 2015; Kamiya et al. 2016) ; however, the range of the BPE is sometimes large, which might result in dissatisfying postoperative refractive outcomes (Hashemi et al. 2015) . In fact, most parameters used in IOL formulas such as axial length (Brooks et al. 1984; Lanier et al. 1992) , apex location (Mih altz et al. 2010; Bozorg & Pineda 2014) and keratometry (Watson et al. 2014 ) may be more unreliable in KC. It is therefore recommended not to use automated keratometry of the front surface only in these calculations. Instead, careful analysis of the TCA should be recommended in toric IOL calculations in KC (Kamiya et al. 2015; Savini et al. 2016) .
Although swept-source optical coherence tomography (OCT) has been suggested to have higher repeatability of the posterior corneal surface in KC (Chan et al. 2016) , we chose to use the Pentacam HR Ò , which has shown good repeatability of corneal measurements in KC (Meyer et al. 2017) , and enables analysis of the TCA. Our results showed significant differences in both meridional and torsional power in the ACA, PCA and TCA between 3 mm apex and pupil-centred measurements in KC. The net astigmatism difference in TCA of 0.36 D in 151.7°and the large range of both KP0 and KP45 (Table 1) should be taken into account in KC. The large range implies that different directions of the vectors will cancel each other out to some extent and therefore affect the median values, so the difference of the measurements is likely to be even larger Fig. 3 . Vectorial difference (median and IQR) in KP0 (x-axis) and KP45 (y-axis) between apex centered 6-mm and pupil-centered 3-mm measurements in the KC (A) and control (B) groups, respectively. KP0 = meridional power vector; KP45 = torsional power vector; TCA = total corneal astigmatism; ACA = anterior corneal astigmatism; PCA = posterior corneal astigmatism; circle = median difference in TCA; triangle = median difference in ACA; cross = median difference in PCA; IQR displayed by error bars. † Significant differences in KP45 in TCA (p = 0.001), ACA (p = 0.001) and PCA (p < 0.001) in KC. p-values obtained by Wilcoxon signed rank test.
for the individual patient. Although some statistically significant difference in KP0 between centrations could be identified also in the control group, for example, a net astigmatic difference of 0.04 D in 10.9°in PCA is not likely to be clinically relevant. We therefore conclude that centring keratometry measurement on the pupil or the apex is of much less importance in healthy corneas than in KC.
For the larger zone, both TCA KP0 and KP45 differed from the pupilcentred 3 mm measurement in KC, with a mean net astigmatism of 0.57 D in 53.8°. Considering the variation of the astigmatism in the paracentral zones, this could in part be explained. Over the cone location, the meridional power vector had high positive values, whereas high negative values were seen in the superior field. The torsional component was also dependent on the cone location, with negative values in the temporal field and positive values in the remaining parts of the cornea. When using a larger measurement zone, irregular parts of the cornea will be included in the measurements and will therefore influence the astigmatic reading. Our results show that both measurement zone size and decentration could have a large impact on the measured astigmatism in KC. Similar differences were not seen in the control group.
There are some shortcomings in our study. Firstly, by analysing the astigmatism in terms of power vectors, it would have been preferable to further analyse the difference in centration in respect to the astigmatism orientation. This is because, depending on the orientation, there will be variation in the vector direction, resulting in cancellation when using average measurements. However, the study sample of 28 KC eyes was considered too small for such analyses. Secondly, the study aimed to investigate the differences in astigmatism depending on the centration and measurement zone diameter used, and hence, there was no final outcome determining which of the measurements is most representative in KC patients. Thirdly, the results might not apply to other cone locations.
A partial inclusion of the KC cone in keratometry measurements may contribute to unpredictable, deceptively high keratometry readings, particularly when centring the measurement on the displaced corneal apex. Also, there is generally a rationale behind using pupilcentred measurements, which coincide better with the visual axis than apexcentred measurements. In summary, our impression is that a small pupil-centred measurement zone should be preferred when evaluating the astigmatism in KC. However, further studies with larger samples and different inclusion criteria with respect to cone location and disease severity are recommended to investigate how our results correspond to postoperative refractive and visual outcomes in cataract surgery in KC.
